Microbial communities in coastal subsurface sediments are scarcely investigated and have escaped attention so far. But since they are likely to play an important role in biogeochemical cycles, knowledge of their composition and ecological adaptations is important. Microbial communities in tidal sediments were investigated along the geochemical gradients from the surface down to a depth of 5.5 m. Most-probable-number (MPN) series were prepared with a variety of different carbon substrates, each at a low concentration, in combination with different electron acceptors such as iron and manganese oxides. These achieved remarkably high cultivation efficiencies (up to 23% of the total cell counts) along the upper 200 cm. In the deeper sediment layers, MPN counts dropped significantly. Parallel to the liquid enrichment cultures in the MPN series, gradient cultures with embedded sediment subcores were prepared as an additional enrichment approach. In total, 112 pure cultures were isolated; they could be grouped into 53 different operational taxonomic units (OTU). The isolates belonged to the Proteobacteria, "Bacteroidetes," "Fusobacteria," Actinobacteria, and "Firmicutes." Each cultivation approach yielded a specific set of isolates that in general were restricted to this single isolation procedure. Analysis of the enrichment cultures by PCR and denaturing gradient gel electrophoresis revealed an even higher diversity in the primary enrichments that was only partially reflected by the culture collection. The majority of the isolates grew well under anoxic conditions, by fermentation, or by anaerobic respiration with nitrate, sulfate, ferrihydrite, or manganese oxides as electron acceptors.
The Wadden Sea, located on the southern shores of the North Sea, is a highly productive tidal flat ecosystem. It is characterized by a high nutrient input from the land as well as from the open sea. This nutrient supply stimulates intense benthic primary production, fuelling microbial activities in the upper sediment layers. As a result, oxygen is depleted within the uppermost few millimeters of the sediment. While nitrate, iron oxihydroxides, and manganese oxides are important electron acceptors for the degradation of organic matter within the upper anoxic horizons of the sediment, sulfate reduction becomes the predominant anaerobic degradation process in deeper layers.
To date, microbiological investigations dealing with intertidal sediments have generally been restricted to the uppermost 10 to 40 cm (20, 27, 28, 31, 55) , the zone of the highest microbial activities. However, in the last decade, the discovery of the deep biosphere within marine sediments and its extension to several hundreds of meters below the surface has indicated that a major part of the microbial biosphere might be present in subsurface sediments (35, 51 ). Yet only a few investigations have dealt with coastal subsurface sediments, and these have focused on geochemical parameters and biogeochemical activities and have demonstrated microbial activities even at a depth of some meters (7, 23) .
Although in most cases cultivation-based methods failed to detect the most abundant members of microbial communities in situ (2, 18, 49) , we have chosen a cultivation-based approach, because it offers the opportunity to isolate indigenous microorganisms in pure culture. In turn, microorganisms that are active in situ can be identified using molecular biological methods such as microautoradiography in combination with fluorescence in situ hybridization (12, 30) or stable isotope probing (5, 37) . However, these methods cannot reveal the whole spectrum of physiological capacities that are necessary to understand the ecology of a single bacterial species. Hence, for the investigation of microbial adaptations to environmental conditions, pure cultures remain crucial (22) .
Intertidal flats on the German North Sea coast were studied down to a depth of 5.5 m below surface in a combined and detailed microbiological (this study) and molecular biological (R. Wilms et al., submitted for publication) approach that was complemented by geochemical characterization of the sediments (E. Freese et al., submitted for publication). In the present study, two different cultivation approaches were chosen for their practicability. A most-probable-number (MPN) approach was used for the quantitative assessment of microbial communities using a defined medium with many different carbon compounds, each at a low concentration, in combination with different electron acceptors targeting different physiological groups. As an alternative enrichment technique, undisturbed sediment sections were placed in substrate gradients and were used for enrichment and isolation of microorganisms as well. This approach should help to avoid the potential substrate shock (46) and minimize disturbance during sampling.
MATERIALS AND METHODS
Study area and sampling. Sediment samples were taken from tidal flats located close to the island of Spiekeroog in the East Frisian Wadden Sea on the German North Sea coast (19) . Two sites were analyzed: Neuharlingersieler Nacken (NSN) (53°43.270ЈN, 7°43.718ЈE) and Gröninger Plate (GP) (53°43.638ЈN, 07°45.960ЈE). At low tide, 6-m-long aluminum tubes were driven into the sediment using a vibrocorer provided by the Senckenberg Institute (Department for Marine Research, Wilhelmshaven, Germany). After retrieval, the aluminum liners were cut longitudinally, leaving behind a potentially contaminated surface. By use of a sterile spatula, the uppermost few millimeters of the freshly exposed sediment surface were removed. Sediment samples were taken aseptically from the undisturbed sediment underneath using sterile plastic syringes with cut-off tips.
Physical and chemical parameters. Temperature was measured at the sediment surface and at the bottom of the core immediately after sampling. Concentrations of oxygen in pore water were determined by means of needle electrodes (Microscale Measurements, The Hague, The Netherlands) (38) . Sediment density and porosity were determined according to Bak (3) . Pore water chloride and sulfate concentrations were measured by ion chromatography with conductivity detection (Sykam, Gilching, Germany) (40) .
Total cell counts. Sediment samples were fixed by the addition of sterile glutaric dialdehyde (filtered with a 0.2-m-pore-size filter; final concentration, 2%) and were stored at 4°C in the dark. Prior to analysis, sterile-filtered Tween 80 (final concentration, 0.01%) was added to the fixed sediment slurries and the samples were ultrasonicated (3 times, for 10 s each time). An aliquot of the fixed sediment slurry (5 to 10 l) was diluted 1,000-fold in particle-free sterile PBS buffer (0.9 g NaCl, 15 mM sodium phosphate buffer, pH 7.4), thoroughly shaken, and filtered through a white polycarbonate membrane (pore size, 0.2 m; diameter, 25 mm; Anodisc 25; Whatman, Maidstone, United Kingdom). Staining with 4Ј,6Ј-diamidino-2-phenylindole (DAPI) and counting were performed according to Süß et al. (48) .
Growth media. For preparation of sediment slurries, MPN series, and gradient tubes and for the isolation of pure cultures, an artificial seawater medium was used. The anoxic medium used contained the following components: NaCl ( For oxic incubations, a slightly modified medium was used. Instead of bicarbonate and CO 2 , the medium was buffered with HEPES (2.38 g · liter Ϫ1 ) and the pH of the oxic medium was adjusted to 7.2 to 7.4 with NaOH prior to autoclaving. After autoclaving, the oxic medium was cooled down under air and supplemented with vitamins and sodium bicarbonate (0.2 g · liter Ϫ1 ) as described above.
For tests on aerobic growth and for the maintenance of pure cultures, a dilute yeast extract-peptone-glucose (YPG) medium was used. It consisted of the HEPES-buffered oxic seawater described above amended with yeast extract (0.03 g · liter Ϫ1 ), peptone (0.06 g · liter Ϫ1 ), sodium DL-lactate (1 mmol · liter Ϫ1 ), glucose (1 mmol · liter Ϫ1 ), vitamins, and sodium bicarbonate (0.2 g · liter Ϫ1 ). Substrates for MPN series. As an electron donor and a carbon source for all MPN series, a mixture of monomeric compounds was used. This mixture contained the 20 common L-amino acids, the short-chain fatty acids formate, acetate, propionate, butyrate, valerate, and caproate, the alcohols methanol, ethanol, n-propanol, and n-butanol, and DL-malate, fumarate, succinate, DL-lactate, glycerol, and glucose (0.1 mmol liter Ϫ1 each). For the assessment of different physiological groups, the monomer mix was combined with different electron acceptors. (i) For aerobic microorganisms, the oxic medium was used. (ii) For anaerobic bacteria, including sulfate reducers, the anoxic sulfate-containing standard medium was used. (iii) For fermenting microorganisms, an anoxic but sulfate-free medium was used. (iv) For manganesereducing bacteria, manganese oxide (5 mM) was added to the anoxic medium. (v) For iron-reducing bacteria, amorphous ferric hydroxide (5 mM) was added to the anoxic medium.
For the preparation of amorphous manganese oxides, 2 g H 2 O 2 (35%) was added to 50 ml of a 1 M MnCl 2 solution and the reaction was started by the dropwise addition of 10 ml of 4 M NaOH. The assay mixture was centrifuged (20,000 ϫ g) for 10 min. The supernatant was collected separately and again treated with H 2 O 2 and NaOH. Finally, the particulate manganese oxides were washed twice, resuspended in distilled water to a final volume of 50 ml, and autoclaved. The resulting manganese oxides represented a mixture of MnOOH and MnO 2 .
Amorphous ferrihydrite was prepared by careful titration of 8.0 g FeCl 3 · 6H 2 O dissolved in 70 ml of water with 4 M NaOH to a final pH of 7.0. The precipitate was washed twice with distilled water and resuspended in distilled water to a final concentration of 400 mmol · liter
Ϫ1
. Substrates for gradient tubes. For gradient cultures, two different substrate combinations were used: (i) TCA, a mixture of 20 common L-amino acids (final concentration, 0.25 mM each) and DL-malate, fumarate, succinate, and DL-lactate (final concentration, 2 mM each) and (ii) ALC, a mixture of the short-chain fatty acids formate, acetate, propionate, butyrate, valerate, and caproate (final concentration, 2 mM each) as well as the alcohols methanol, ethanol, n-propanol, and n-butanol (final concentration, 2 mM each). All concentrations were calculated by considering the total end volume of the gradients.
Preparation and incubation of MPN series. Viable counts were determined by the MPN method. Sediment slurries were prepared immediately after sampling by diluting in anoxic seawater and were used as an inoculum. Subsamples of these slurries were pasteurized (70°C, 15 min) and were used for the determination of viable counts of spores.
MPN series for anaerobic microorganisms were prepared in an anaerobic hood using polypropylene deep-well plates (Beckman, Fullerton, CA) containing 900 l of medium per well. For the deeper layers, MPN series with three parallels and six dilution steps were prepared (48) . For the surface layers, where higher numbers were expected, MPN series with five parallels and eight dilutions were made. As an inoculum, 100 l of sediment slurry was added to each well of the first dilution and diluted in 10-fold steps. After inoculation, the plates were covered with sterile lids (CAPMAT; Beckman, Fullerton, CA) sealing each well separately. The MPN plates were put into gas-tight plastic bags equipped with a gas-generating and catalyst system for anoxic conditions (Anaerocult C mini; Merck, Darmstadt, Germany).
MPN series for aerobic microorganisms were prepared in microtiter plates (Corning, New York, NY) in a microbiological cabinet. Every well contained 180 l of medium. MPN series for aerobes were inoculated with 20 l of sediment slurry. After inoculation, the plates were covered with sterile lids (Corner Notch Lid; Corning, New York, NY) and wrapped with Parafilm to avoid water loss by evaporation.
On each plate four dilution series were left without inoculum as a control. All MPN series were incubated for 12 weeks at 20°C. Growth was checked by epifluorescence microscopy after staining with DAPI. MPN counts were calculated according to De Man (14) . Ninety-five percent confidence levels obtained in the present study were in the range of three to five times and one-third to one-fifth of the MPN values.
Preparation of gradient cultures. We have established enrichment cultures using undisturbed sediment samples embedded in substrate gradients. These offer two main advantages. The microorganisms remain in their habitual surroundings, and due to the diffusion from the bottom of the tube, substrate concentrations increase only slowly. This helps to avoid a substrate shock (46) but still supplies enough substrate to sustain visible growth.
Substrate gradients were prepared as follows. The substrate was placed at the bottom of a glass tube, and 1 ml of 4% agar was added. After cooling and solidifying, this substrate reservoir was overlaid with 6 ml of anoxic substrate-free mineral medium mixed with 3 ml of 4% agar. This agar-solidified medium overlay served as a spacer between the substrate reservoir and the embedded sediment. The spacer was in turn overlaid with 5 ml anoxic substrate-free mineral medium. To this medium 2 ml of 4% agar was added, and the tubes were kept at 50°C. After a sample of sediment (1 cm 3 , taken by use of syringes with cut-off tips) was added, the tube was immediately placed in ice-cold water in order to minimize a potential heat shock. The headspace of the tubes was flushed with N 2 -CO 2 (80:20, vol/vol), and the tubes were sealed with butyl rubber stoppers.
Isolation of pure cultures. Pure cultures were isolated from the highest positive dilutions of the MPN series. All subculturing and isolation were performed using the same media. Agar plates were used for aerobes, and deep agar dilution series were used for anaerobes. Subculturing and isolation from gradient cultures were also done in gradient tubes; the agar-solidified top layer was replaced by liquid culture or deep agar dilution series, respectively. The purity of cultures was tested by microscopy and denaturing gradient gel electrophoresis (DGGE) as described by Süß et al. (48 (52) . Nitrite and ammonium were analyzed photometrically (24) . Tests were prepared in an anaerobic cabinet as described for the MPN series. All assays were prepared in duplicate and were incubated at 20°C for at least 2 weeks in the dark. In some cases when the results were inconsistent, experiments were repeated in completely filled screw-cap tubes. Growth was checked by fluorimetry (33a). From each well 200 l was transferred to a black microplate (Nunc 237108; VWR International, Darmstadt, Germany), and 50 l of a Sybr Green I (Molecular Probes, Leiden, The Netherlands) solution (2,000-fold dilution in TE buffer [200 mM Tris and 50 mM EDTA, pH 8]) was added. Fluorescence was measured after a 12-h incubation in the dark at 4°C using a fluorescence microplate reader (BMG Labtechnologies, Offenburg, Germany). Growth was scored as positive if at least fivefold higher fluorescence than in substrate-free controls was detected.
Isolation of nucleic acids from pure cultures, PCR, and sequencing. For DNA extraction, cultures were centrifuged and resuspended in 50 l sterile distilled water, and 100 l Tris-HCl (10 mM, pH 8.0) and 100 l lysozyme (0.8 mg · ml Ϫ1 ) were added. The assay mixtures were incubated at room temperature for 10 min, and after addition of 40 l of a sodium dodecyl sulfate (SDS) solution (9.6 ml of 20% SDS added to 2.4 ml of 0.5 M sodium acetate [pH 7.5] and 66.4 ml of distilled water) and 60 l of 3 M sodium acetate, the suspension was incubated for 1 h on ice, followed by three freeze-thaw cycles. During each cycle the suspension was frozen at Ϫ80°C for 3 min and immediately boiled for 3 min. DNA was purified from the lysates using phenol-chloroform extraction followed by ethanol precipitation.
Almost-complete 16S rRNA gene fragments were amplified by PCR using oligonucleotide primers 8f (5Ј-AGA GTT TGA TCC TGG CTC AG-3Ј) and 1492r (5Ј-GGT TAC CTT GTT ACG ACT T-3Ј). PCR products were purified using the QIAquick PCR purification kit (QIAGEN, Hilden, Germany). Sequencing was performed using the DYEnamic Direct Cycle Sequencing kit (Amersham Biosciences, Freiburg, Germany) as described previously (48) . DGGE analysis of sediment and enrichment cultures. DNA for DGGE analysis was extracted from original sediments, from sediment embedded in gradient tubes, and from liquid MPN cultures. For extraction, 500 mg sediment or 100 l liquid culture plus 600 l TE-buffer (10 mM Tris and 1 mM EDTA, pH 7.5) was transferred into 1.7-ml tubes (Sorenson Bioscience Inc., West Salt Lake City, UT) containing 500 mg of 0.1-mm zirconia-silica beads (Biospec Products, Bartlesville, OK) and 500 l of an SDS mixture. The samples were homogenized twice, for 1 min each time, on a bead beater (Biospec Products, Bartlesville, OK) followed by centrifugation at 15,000 rpm for 15 min at 4°C in a microcentrifuge (Eppendorf, Hamburg, Germany). DNA was purified from the extracts using phenol-chloroform extraction followed by ethanol precipitation. DNA fragments were amplified using primers GC357f and 907r. DGGE was carried out as described by Süß et al. (48) using an INGENYphorU-2 system (Ingeny, Leiden, The Netherlands) and a 6% (wt/vol) polyacrylamide gel containing denaturant gradients of 50 to 70% for separation of PCR products. The gels were stained for 2 h with 1ϫ SybrGold (Molecular Probes, Leiden, The Netherlands) in 1ϫ Tris-acetate-EDTA buffer and washed for 20 min in distilled water prior to UV transillumination. Individual DNA bands were excised from the gel with sterile scalpels, and the DNA was eluted into 50 l molecular-grade water (Eppendorf, Hamburg, Germany) by incubation at 4°C. For subsequent sequence analysis, PCR products of DGGE bands were purified using the QIAquick PCR purification kit (QIAGEN, Hilden, Germany) and sequenced as described above.
Phylogenetic analysis. The partial 16S rRNA sequences of the isolates and the DGGE bands were compared to those in GenBank using the BLAST function (1) and were aligned with each other and the closest relatives using ClustalX (50) . Distance matrices were calculated using the dnadist program within the PHYLIP 3.6 package (J. Felsenstein, Department of Genome Science, University of Washington [http://evolution.genetics.washington.edu/phylip.html]) by applying the algorithm of Jukes and Cantor. Isolates with sequence similarities of at least 97% (44) were grouped into a single OTU.
Nucleotide sequence accession numbers. The sequences obtained in this study are available from EMBL under accession numbers AJ786027 to AJ786110 for the isolates and AJ889123 to AJ889184 for the DGGE bands. CULTIVATION OF COASTAL SUBSURFACE BACTERIA 7821 160 cm, followed by a porous layer of sand and remains of a buried mussel (Mytilus edulis Linné) bed between depths of 160 and 220 cm (Fig. 1) . Downwards, the sediment consisted mainly of mud and clay (grain size, Ͻ63 m). At the GP site, sediments were more homogenously composed with depth and were mainly dominated by a mixture of sand and mud (Freese et al., submitted). On the sampling date, temperatures were 20°C at the sediment surface and around 12°C at the bottom of the core at both sites. Oxygen within the sediments was detected only within the uppermost 3 mm (data not shown). Pore water sulfate concentrations at the Neuharlingersieler Nacken and Gröninger Plate sites ranged between 27 and 32 mM at the sediment surface ( Fig. 1) and decreased with depth. Minimum values were detected at 100 (GP) to 140 (NSN) cm below surface. At the NSN site, sulfate concentrations increased again below that level and reached a local maximum within the mussel shell-rich layers at a depth interval from 240 cm to 260 cm (Fig. 1) . As indicated by the pore water chloride profiles, low sulfate concentrations were not the result of an influx of groundwater.
RESULTS

Chemical
Total-and viable-cell counts. Total cell counts showed only minor differences between the two sites. At the sediment surface, around 1 ϫ 10 9 cells · g Ϫ1 were detected (Table 1 ). An approximately 10-fold decrease was observed within the uppermost 50 cm of the sediments. Below that level, cell counts decreased less with depth and still reached values of around 1 ϫ 10 7 to 4 ϫ 10 7 cells · g Ϫ1 at the bottom of the core at both sites.
Viable counts were determined by the MPN method. At both sites, the highest counts were achieved at the surface or within a 5-cm depth (Table 1 ) with medium supplemented with Fe(OH) 3 as an electron acceptor. At the NSN site, 1.5 ϫ 10 8 cells · g Ϫ1 were detected within a 5-cm depth, corresponding to 26% of the total cell count. At the GP site, the maximum cultivation success with Fe(OH) 3 as an electron acceptor was in a similar range (2.8 ϫ 10 8 cells · g Ϫ1 , corresponding to 24% of the total cell count). Except for the layers near the surface at the GP site, MPN counts with manganese oxide as an electron acceptor were in a range similar to those with Fe(OH) 3 .
Oxic and anoxic media without metal oxides yielded similar MPN counts in the uppermost two sediment layers at the two sites, which were 100-to 1,000-fold lower than those found when metal oxides were used as electron acceptors. Surprisingly, at both sites, MPN counts of aerobes were as high as or higher than those obtained with metal oxide-free anoxic medium.
At the NSN site, the MPN counts showed only minor variations within the upper 50 cm. Beneath that level, the numbers of aerobes declined, while with metal oxides high numbers were still achieved even for the mussel shell-rich layer. However, MPN counts decreased strongly in the mud-and-claydominated bottom layers irrespective of the medium used. At the GP site, MPN counts with Fe(OH) 3 , sulfate, and oxygen showed a steady decrease with depth, while for the sulfate-free anoxic medium, almost no decrease with depth was found. The sulfate-free medium delivered the highest counts for the deepest layers from 300 cm downwards. At a depth of 500 cm, 30,400 cells per g of sediment were still detected.
Contribution of endospores to the viable community. In order to estimate the potential contribution of inactive endospores to the viable counts, parallel MPN series were inoculated with pasteurized sediment slurries. For surface sediments at the Neuharlingersieler Nacken site, the MPN counts obtained with pasteurized samples were approximately 1% of those obtained with untreated samples (Table 2) . Absolute numbers of spores that could be stimulated to grow increased with depth and reached a maximum at a depth of 50 cm, where 1,500 to 5,500 per gram of sediment were retrieved. Beneath that level, MPN counts with untreated and pasteurized slurries were in a similar range (Table 2 ), but absolute numbers of spores that were stimulated to germinate decreased. Isolation of pure cultures. To identify the most abundant microorganisms growing in the various media, pure cultures were isolated from the highest positive MPN dilutions or from sediment embedded in gradient tubes. In total, 112 pure cultures were obtained, 64 from the Gröninger Plate site and 48 from the Neuharlingersieler Nacken site (Table 3) . About onethird of these isolates were obtained from gradient cultures. The different isolates were affiliated with the major bacterial phyla on the basis of partial 16S rRNA gene sequences and could be grouped into 53 different OTUs within the Alphaproteobacteria, Gammaproteobacteria, Deltaproteobacteria, "Bacteroidetes," "Fusobacteria," Actinobacteria, and "Firmicutes." Of the different OTUs, 28 were represented only by a single strain, while 8 OTUs comprised two strains and 17 comprised three to eight strains (Table 3 ). This remarkably high diversity of different phylotypes was in part due to the investigation of two separate sampling sites obviously harboring different bacterial communities. For example, Actinobacteria and "Fusobacteria" were retrieved exclusively from the Neuharlingersieler Nacken site, while in turn some of the Bacillus-related strains were obtained only from the Gröninger Plate site.
In general, different phylotypes were isolated from gradient tubes and MPN series. Of the 17 OTUs comprising three strains or more, only 2 (those related to Tenacibaculum mesophilum and to Eubacterium angustum) were retrieved from MPN series as well as from gradient tubes. Sulfatereducing bacteria were isolated almost exclusively from the gradient tubes.
Even more than by the kind of cultivation approach, the results of the isolation attempts were determined by the redox conditions of the enrichment procedure. Oxic and anoxic MPN series or anoxic gradient cultures never yielded strains belonging to the same OTU. However, this finding is surprising, since a large fraction of strains obtained under anoxic conditions turned out to be only facultatively anaerobic, e.g., Shewanella, Vibrio, or Bacillus strains. On the other hand, two-thirds of the isolates obtained from the oxic MPN series did not grow in any of the anaerobic growth tests at all and are therefore considered to be strictly aerobic (Table 3) .
By the culture approach chosen here, a shift of phylogenetic groups along the sediment column was found. A higher number of different phylogenetic groups was retrieved from the surface layers (0.5 to 5 cm) than from the bottom layers below a depth of 100 cm. While predominantly Proteobacteria were obtained from the upper layers, "Firmicutes" dominated the strain collection for the deeper layers (Fig. 2) . Only a few OTUs, comprising strains related to the genera Desulfovibrio, Bacillus, Eubacterium, and Staphylococcus, had representatives isolated from the surface as well as from the subsurface layers.
Physiological characterization of the pure cultures. To obtain information on the potential ecological niches of the isolates, physiological experiments were performed. The majority of the OTUs (20 out of 53) were found to comprise strictly anaerobic isolates, in particular those affiliated with the Deltaproteobacteria and the "Fusobacteria." But among the "Firmicutes" also, several strict anaerobes were found. Facultative anaerobes represented a similar number of phylotypes (17 of 53 OTUs). While most of the strictly aerobic bacteria were isolated from the sediment surface (e.g., some members of the Alphaproteobacteria and Actinobacteria), some were isolated even from the deepest sediment layers. The latter, however, were mostly Bacillus-related strains, most likely present as inactive endospores in situ.
Most of the anaerobic bacteria grew in mineral medium by fermentation of a single substrate (glucose) or a mixture of substrates (amino acids). However, some anaerobes (for example, the Tepidibacter-related strains) did require a more complex medium (monomer or YPG) to grow fermentatively. Nitrate was the electron acceptor most frequently used for anaerobic respiration. In most cases nitrate was reduced to nitrite, less frequently to N 2 or ammonium. Some fermenters also grew by iron or manganese reduction. However, strong differences among the strains were observed. While the Shewanella-related strains grew relatively fast on metal oxides, other strains needed at least 2 weeks to achieve slight turbidity and detectable metal reduction (e.g., the Marinobacter-and Psychromonas-related strains). On metal oxides, the sulfate-reducing bacteria generally grew very fast and to high cell densities. However, sulfate-reducing bacteria were scored positive for iron or manganese reduction only if they grew as fast as with sulfate as electron acceptor, in order to exclude growth by sulfur cycling (47) .
Molecular comparison of the different enrichment methods. Molecular analysis of the original sediment samples, the gradient cultures, and the MPN series was performed using PCR and DGGE. The different bacterial types within the different samples were identified by excision and sequencing of the DGGE bands and compared to the pure cultures and the original sediment. The enrichment cultures obtained by the different cultivation approaches revealed a high diversity of microorganisms in total, but also within the single enrichments. In almost all samples, at least five but sometimes as many as nine different bands were detected (Fig. 3) . Most of them could be assigned to the Alpha-, Gamma-, or Deltaproteobacteria, the "Firmicutes," the "Bacteroidetes," or the Spirochaetes (Table 4) . However, several of these sequences (e.g., bands IE2, IIC2, and IIIA7) were only very distantly related to species already known (less than 10% sequence similarity).
At the sediment surface, the Alphaproteobacteria were the most frequently detected group in the enrichments. At a depth on June 24, 2017 by guest http://aem.asm.org/ of 50 cm, they were still present in high numbers, but they were not detected in enrichments from depths of 100 and 500 cm. "Firmicutes" were found at all depths but were absolutely dominant at depths of 100 cm and 500 cm. These results seemed to confirm the composition of the culture collection. However, direct comparison of the sequences derived from the DGGE bands with those of the isolates originating from the same enrichments revealed that only three of the phylotypes identified from the DGGE bands (IIE2, IIC7, IIC5) were obtained in pure culture. These DGGE bands matched isolates that were related to Desulfovibrio aespoeensis, Bacillus aquimaris, and Bacillus hwajinpoensis. In addition, one DGGE band (IIB4) obtained from anoxic MPN series corresponded to Desulfovibrio aespoeensis-related isolates, though none of the isolates was obtained from this particular MPN series. While 7 isolates were detected in the enrichment cultures, the remaining 105 strains were not retrieved in the respective enrichment cultures by PCR and DGGE. At least in some cases, this might be due to the fact that not all DGGE bands could be sequenced. Several bands, in particular from the original sediment sample, gave ambiguous sequences, in most cases due to the fact that several phylotypes were present in a single band and the sequences obtained revealed many ambiguities. However, the results indicate that subculturing during the isolation procedure led to a population shift from the types dominating the primary enrichment to less-dominant but presumably fastergrowing types. Most enrichment cultures were unique in their phylogenetic composition and showed little overlap with enrichments achieved by other methods or by use of different media. With a single exception (bands IIID6 and IIIE9), MPN series and gradient tubes from the same depth did not reveal matching DGGE bands, indicating that every enrichment approach was highly selective. This finding was supported by the fact that in some cases the same phylotype was enriched using the same approach but from two different depths (e.g., bands IID4 and IIID6 or bands IB2 and IIB3). Microscopic investigations of the enrichments revealed high morphological diversity and the presence of several unusually shaped bacteria, as, for example, large spirochetes or chains of vacuolated cells. In parallel to the shake procedure, an attempt was made to isolate some of these types directly by micromanipulation (21) and to transfer single cells into fresh medium. However, none of these mechanically separated cells grew in subculture.
DISCUSSION
This study presents the results of an analysis of microbial communities in intertidal sediments on the German North Sea coast from the surface down to the subsurface at a 550-cm depth. The use of improved media for MPN series resulted in high cultivation efficiency and, in combination with enrichment cultures in gradients, allowed the isolation of a highly diverse culture collection. Since the different media and enrichment strategies were selective for specific bacterial groups, the use of different approaches turned out to be a basic requirement for achieving high diversity.
Improving cultivation efficiency. In most previous investigations, MPN counts in marine sediments rarely exceeded 0.25% of the total cell count (2, 20, 27, 31 ). Only in a few cases could The prefix G before the number of isolates stands for the GP site; the prefix N stands for the NSN site.
larger fractions of microbial communities be cultured from sediments (16, 55) or sediment-like habitats such as rice paddies (8) . However, in the present study, consistently high cultivation efficiencies, as high as 23% of the total cell count, were achieved throughout the upper 50 cm of the sediment. One reason might be the use of a medium containing a wide range of different carbon sources, stimulating the growth of different microorganisms. A very similar medium was recently shown to increase cultivation efficiency even in several-thousand-yearold sediments of the Eastern Mediterranean Sea (48) .
The highest MPN counts were obtained with oxidized metal species as electron acceptors. It is well documented that in marine sediments manganese or iron reduction can be as important as sulfate reduction (6), whereas little information on the numerical abundance of metal-reducing bacteria in marine sediments is available. Their numbers, estimated as viable counts, can be in a range similar to those reported for sulfatereducing bacteria (27, 28) . However, since a large variety of (fermentable) substrates was present in the medium, not all organisms enriched by this method are necessarily iron or manganese reducers. Interestingly, high numbers of Fe-and Mn-reducing bacteria were detected even in strictly anoxic sediment layers where no Fe(III) and Mn(IV) should be available. However, it is known that even some sulfate reducers, like the isolates presented here, can couple carbon oxidation to iron reduction (9) . Some of the isolates presented here grew slowly under anoxic conditions with metal oxides but showed hardly any growth without an external electron acceptor (e.g., the isolates related to Marinobacter and Salegentibacter). These organisms might be active in situ in a syntrophic relationship and can use metal oxides as an unspecific electron sink (32) , which would also explain their slow growth. We therefore have to assume that MPN counts of metal-reducing bacteria in anoxic sediment layers comprise a large metabolic variety of strict and facultative anaerobes.
Although oxic and anoxic isolation procedures resulted in completely different phylotypes, several of the anaerobic isolates turned out to be only facultatively anaerobic, e.g., the Shewanella isolates. Since these strains were obtained exclusively under anoxic conditions but were present in numbers similar to those of strains isolated under oxic conditions, as can be inferred from the MPN counts, it seems likely that the immediate exposure to air severely harms these cells. Similarly, a decreased oxygen partial pressure was shown to facilitate the enrichment and isolation of typical aerobic soil bacteria (45) . It can be assumed that with the metal oxides a relatively oxidized electron acceptor was offered that circumvented the harmful effects of molecular oxygen (34) . It might be advantageous for sediment bacteria to be able to cope with oxygen. Bioturbation can generate oxic microenvironments to depths of as much as 50 cm (29). Furthermore, the upper layers of tidal flats represent a rather unstable ecosystem. During storm events, large patches of sediment can be resuspended. Strict anaerobes, in turn, can be expected to be dependent on reducing conditions. Free pore water sulfide, however, was not detected along the upper 20 cm of the sediment (data not shown), indicating that several centimeters deep in the sediment, anoxic but still quite oxidized conditions prevail. While high cultivation efficiencies were achieved along the uppermost 50 cm of the sediment, there was a decrease within deeper sediment layers. Oxidative stress as discussed above does not apply for the anoxic medium and therefore seems to be an unlikely cause. Small inoculum sizes, as in our study, have even been shown to increase viable counts (13) . Substrate shock caused by high substrate concentrations (42, 46) has often been blamed for poor culturability. In fact, low substrate concentrations have been shown to improve cultivation success (10, 13, 25, 43, 45, 56) . Although we used a substrate mixture containing different carbon sources, each of them was present in submillimolar concentrations, and a medium similar to that used in the present study achieved high MPN counts even in Mediterranean sediments up to 100,000 years old (48) . Incubation time was shown to have an impact on viable counts as well, since some of the organisms that are abundant in situ might grow only slowly. However, 12 weeks, as in this study, should be long enough, as found for soil microbial communities (13) . Molecular analysis of the same sediments (Wilms et al., submitted) revealed that bacteria belonging to a subgroup of the phylum Chloroflexi that is typically found in the marine subsurface (11, 36) were also dominant in the deep layers of the tidal flats investigated here. But since no representative of these presumably typical subsurface bacteria is available as a pure culture, we can only speculate about their nutritional demands.
Relatively low cultivation efficiencies could also be caused by overestimation of the number of potentially viable cells, particularly in deep sediments. DAPI stains living cells, irrespective of the metabolic state. However, it was estimated that the fraction of dead cells that can be stained might represent up to 70% of the total cell counts in marine sediments (33) . On the other hand, the use of media with low substrate concentrations can possibly lead to problems with growth detection due to the low level of biomass formed. But even if a bacterium grows on only one of the substrates provided in the monomer mixture in the present study, e.g., lactate, and the growth yield reported for Acetobacterium woodii (41) is considered, theoretically enough biomass is formed for microscopic detection.
Microbial diversity detected by the different enrichment approaches. In the present study a remarkable high diversity in the culture collection was achieved, outranging similar investigations on deep-sea pelagic environments (40) or sediments (15, 48) . During the other studies almost all bacteria that could be cultured by the methods applied were obtained in pure culture as indicated by rarefaction analyses. Obviously, in the present study the number of OTUs detected is at least three times higher, although a similarly high number of isolates was obtained. One reason is likely to be the use of different cultivation and isolation procedures. As discussed above, almost no group was retrieved by more than a single method (oxic or anoxic, MPN or gradient culture). This result supports the view that no single method or medium is suitable to reveal the whole diversity within a single sample. It is likely that an even higher diversity could have been achieved if more medium variations had been used. On the other hand, tidal surface sediments are patchy, e.g., due to bioturbation, and offer a number of different microhabitats and redox horizons suitable for different physiological groups (29) . Furthermore, the tidal sediments investigated in the present study revealed layers of different grain sizes such as sand and mud. At least for the deeper layers, the different sedimentological parameters of the two sampling sites might be one major reason for the different composition of the culture collection. As shown also by molecular methods, every sedimentological facies harbors its own specific microbial community (Wilms et al., submitted).
Phylogenetic analysis of the enrichment cultures. DGGE analysis of the enrichment cultures revealed an even higher diversity than that present in the culture collection. Nevertheless, little correspondence between the enrichment cultures and the natural community was found. One of the main reasons was probably that only some of the bands yielded reliable sequences, in most cases due to the presence of several phylotypes in one band. It was expected that some of the types that are dominant in situ would be retrieved at least in the gradient b seq., number of bands that could be unambiguously identified by sequence analysis. c Individual bands are labeled for the origin depth (I to IV), for the sample (A to E), and with a consecutive number (1 to 9) within the lane in the DGGE gel (see Fig. 3 ).
tubes (26) . Obviously, however, even the addition of low substrate concentrations or the application of substrate gradients seemed to stimulate less abundant types in particular. That community shifts can be achieved even by less thorough disturbance was shown by Eilers et al. (17) , who found a dominance of easily culturable bacterial genera even after shortterm incubation. On the other hand, we do not know which genotypes were present in the ambiguous bands. It can be assumed that at least some of our isolates remained undetected in the natural community or the primary enrichments.
Improved classical approaches such as agar plates have been applied successfully to soil microbial communities and led to the isolation of many yet uncultured groups of bacteria (25, 39) . However, a basic requirement for the isolation of pure cultures, as performed in the present study, was the ability of the microorganisms to form colonies in deep agar or on agar plates. It can be imagined that several of the types observed in the enrichment cultures were unable to form colonies (43) and therefore were lost during isolation. The use of micromanipulation of single cells (21) as an alternative isolation strategy was unsuccessful. This might be due to cell damage during handling or to inability of these organisms to grow independently in the absence of syntrophic partners (26) . For these organisms, alternative strategies such as dialysis cultures, dilution series, or growth on filters (43) will have to be used in the future.
Microbial communities in the subsurface of a tidal flat. During the last decade the discovery of the "deep biosphere" has drawn much attention to deep-sea subsurface environments (15, 35, 36, 51) , and it was suggested that the majority of prokaryotic life on earth is found in the subsurface (51) . However, most of these investigations dealt with very deep layers, and so far it is not clear at which depth the deep biosphere starts. Whitman et al. (51) defined the subsurface in sediment as layers below a depth of 10 cm. This definition might fit sediments underlying oceans with low primary production and sedimentation. As an example, the 8,500-year-old sapropels in the Eastern Mediterranean Sea can be found at shallow depths of 17 to 35 cm below the sea floor (48) . Coastal seas, however, show a much higher sedimentation rate. The estimated age of the buried mussel bed at a depth of approximately 200 cm at the Neuharlingersieler Nacken site was about 650 years (J. Rullkötter, personal communication). However, after this duration of burial, it is to be expected that only very recalcitrant organic material is present, and these layers can clearly be seen as a subsurface environment. This is also reflected by the composition of the culture collection. Almost no overlap between the surface layers (0 to 0.5 cm) and the deep layers (200 cm and below) was found (Table 3) . This result is supported by a parallel analysis by PCR and DGGE using primers specific to Bacteria (Wilms et al., submitted). The finding that the deep layers (200 cm and below) are dominated by a subgroup of Chloroflexi, typically found in the subsurface, provides a link to the microbial communities within the "deep biosphere" that is present down to some hundred meters below the sea floor (36) .
It is less clear whether the sediment layers at depths of 50 and 100 cm can be seen as part of the subsurface. However, these layers are already beneath the zone of bioturbation (29) , are characterized by sulfidic conditions, and are unlikely to provide easily degradable organic matter to the microbial communities. Clear differences were found in the bacterial types isolated from these intermediate layers and those from the surface layers, for example, the lack of Alphaproteobacteria in the intermediate layers. However, these differences were less pronounced than the differences between the surface layers on the one hand and the shell and mud layers on the other. For this reason, it is suggested that these layers can be seen as subsurface habitats, but to clearly distinguish them from the deeper layers, the term "shallow subsurface" seems to be appropriate.
